Introduction
The treatment of adult acquired flatfoot deformity (AAFD) remains a complex clinical challenge. The vast array of surgical options available for the ''flexible flatfoot'', or stage II posterior tibial tendon dysfunction as classified by Johnson and Strom [30] , reflects the wide variation in deformity and pathology seen in this group. This includes medial ray hypermobility, forefoot abduction and forefoot supination. We aimed at discussing the pathophysiology of AAFD, classification of the deformity and treatment options available with emphasis on the apparent surgical controversies in stage II disease.
Pathophysiology
Multiple factors are associated with the development of AAFD, but the most common is posterior tibial tendon dysfunction (PTTD). The tendon is an important dynamic arch stabilizer and a powerful invertor of the foot. It acts to ''lock-in'' the talonavicular joint and allows the triceps surae to exert over a longer rigid lever arm to promote efficient toe-off [7] . Dysfunction of the tendon results in unlocking of the talonavicular joint, allowing the triceps surae to act more proximally at the transverse tarsal joints. Abnormal loading of these joints create excessive biomechanical stresses that lead to midfoot collapse and forefoot abduction with lateral peritalar subluxation of the navicular [7] . Loss of the main invertor leaves its antagonist, the peroneus brevis, unopposed to evert the foot. The pull of the Achilles tendon falls lateral to the axis of the subtalar joint creating excessive hindfoot valgus. Progressive tightness of the triceps surae perpetuates the valgus deformity and accentuates the imbalance between the medial and lateral soft tissues. With time, the static stabilizers of the medial longitudinal arch become attenuated. The spring ligament complex is the most frequently torn static stabilizer in AAFD [15] . It supports the plantar-medial aspect of the talar head and, along with the plantar fascia and long plantar ligament, helps maintain the congruent bony arches of the foot. The superomedial fibres of the spring ligament are confluent with the anterior portion of the deltoid ligament [15] . The deltoid ligament prevents external rotation and abduction of the talus within the ankle mortise [26] . It is a static stabilizer of the tibiotalar, subtalar and talonavicular joints, as well as the spring ligament [4] . Prolonged hindfoot valgus deformity increases tension on the deltoid ligament and the medial collateral complex, causing lengthening and eventual insufficiency [4, 50] . Ultimately, these changes lead to degenerative arthrosis of the midfoot and hindfoot.
Presentation
The clinical presentation of AAFD can range from a flexible deformity with normal joint anatomy to a rigid deformity with advanced arthritis. The patient may develop medial pain over the posterior tibial tendon or lateral pain from subfibular impingement. Clinical signs of PTTD include hindfoot valgus, arch collapse, forefoot abduction with ''too-many-toes'' sign and inability to perform double and single heel-rise tests. Gastrocnemius tightness should be assessed using Silfverskiöld's test [52] . The primary clinical determinant dictating surgical management of AAFD is whether the deformity is flexible or fixed. It is then necessary to consider either a joint preservation or joint sacrificing procedure. Factors affecting this decision include patient age, function, underlying pathology, degree of deformity, flexibility, soft tissues status, body mass index and the presence of arthritis [17, 22] .
Classification
The classification of PTTD has evolved over the last 20 years with further detail in categorization of the condition in order to clarify treatment recommendations. Johnson and Strom [30] described three stages of PTTD, with a fourth stage subsequently added by Myerson [40] . Stage I consists of a painful synovitis but no deformity as the tendon length and function are normal. Stage II describes progressive failure of the tendon with a flexible flatfoot deformity, which is passively correctable. In stage III, the deformity is rigid with degenerative changes in the midfoot and hindfoot. Finally, stage IV describes valgus tilting of the talus within the ankle mortise with associated deltoid insufficiency, with or without tibiotalar arthritis. In 2007, Bluman et al. [5] divided the four main stages into substages with subtle differences in clinical and radiographic findings, further demonstrating that PTTD is a wide spectrum of deformities not fully encompassed by the four-stage classification system. More recently, Parsons et al. [46] subdivided stage II disease with respect to the severity and flexibility of forefoot supination when the hindfoot is brought into neutral position ( Table 1 ). The authors emphasized the need for early diagnosis of stage II disease in order to initiate treatment while the deformity is relatively mild and flexible.
Non-operative treatment
Advances in bracing and orthotics reveal a greater understanding of the complex deforming forces present in AAFD. Approximately 80% of early PTTD (stage I and IIA/B) respond well to non-operative management [3] . The biomechanical rationale is to alleviate forces transmitted through the posteromedial hindfoot, thereby preventing medial collapse of the foot and ankle. The patient is encouraged to lose weight, modify loading activities and wear supportive shoes. Footwear modification includes extra-depth shoes, soft leather uppers to accommodate insoles, a high toe box and a cushioned, rocker bottom to reduce ground reaction forces and assist in toe-off [45] . A custom-made, semirigid orthosis is useful in stage I or early stage II disease. The ideal design includes a deep heel cup, medial hindfoot and forefoot posting and correction of the medial longitudinal arch. A more rigid University of California Berkeley Laboratory (UCBL) orthosis is used to hold the subtalar joint in a neutral position and alleviate subfibular impingement pain [45] . In stage III disease, when custom-made or UCBL orthoses are no longer capable of stabilizing the deformity, an ankle foot orthosis (AFO) can be useful. The AFO stabilizes the medial-lateral movement of the ankle by using the leg as an anchor and limits excursion of the PTT by preventing plantarflexion and pronation of the foot [45] . Modern, low-profile designs in AFO allow control of the deformity, reduce oedema and protect the soft tissues, whilst increasing long-term compliance [2, 22, 45] . Immobilization in either a short-leg cast or a fitted removable walking boot can eliminate symptoms in stage I/II disease by reducing inflammation and oedema. It is indicated in acute tenosynovitis of the PTT, presenting with pain along the tendon sheath. The patient is advised to mobilize non-weight bearing if there is continued pain in the cast or boot. Immobilization of the foot requires a period of approximately 6-8 weeks, with concurrent rest and elevation. An adequate course of non-steroidal antiinflammatory medication is recommended. After immobilization, a custom foot orthosis, UCBL orthosis or AFO should be applied. Additionally, the patient may be sent for physical therapy for eccentric gastrocsoleus stretching exercises [1, 33] .
Operative treatment of stage I disease
In stage I, treatment is typically conservative but may include open or endoscopic tendon debridement [44, 54] , tenosynovectomy [41, 57] and calcaneal osteotomy [62] . Funk et al. [20] reviewed nine patients undergoing tenosynovectomy with or without repair of a longitudinal tear in the posterior tibial tendon. All patients showed Two patients (10%) required a subtalar arthrodesis for progressive flatfoot deformity. The benefits of endoscopic tenosynovectomy for PTTD have been reported in the short-term follow-up period. Niek van Diek et al. [44] studied six patients undergoing endoscopy for tenosynovitis and found that five were free of symptoms at an average of 1.1 year, and patients were walking comfortably in regular shoes by the 14th-postoperative day. In stage I disease, exploration and debridement, with or without FDL tendon transfer, is a viable option. In stage II disease, the PTT becomes elongated, and the medial soft tissues become attenuated. Exploration and debridement of the PTT is performed, but frequently a FDL tendon transfer or side-to-side anastomosis is required [55] . Combined procedures, including soft tissue reconstructions to restore PTT function and bony procedures to correct deformity, have become popular.
Operative treatment of stage II disease
The aim of the treatment for a flexible flatfoot deformity (stage IIA/B) is to avoid progression to a fixed deformity. Operative management options can be broadly divided into either soft tissue or bony, and the latter, into medial or lateral column procedures. There remains considerable controversy with regard to which technique or combination of techniques will give the best outcome in this subgroup. In 2003, Hiller and Pinney [25] presented the result of a survey of 104 academic foot and ankle surgeons in the United States, 98% of whom employed a soft tissue procedure as part of their surgical treatment, with 86% preferring to augment the PTT with an FDL tendon transfer. Fifty-three per cent of surgeons would formally repair the spring ligament, while 7% would repair the deltoid ligament. Of the 70% that corrected the equinus contracture, 36% performed a tendo-Achilles lengthening (TAL), 23% performed a gastrocnemius recession, and 12% performed either of these procedures depending on the clinical examination. Ninety-seven per cent of the respondents reported that they would perform some form of bony correction in their surgical protocol. Eighty-eight per cent elected to preserve the subtalar and talonavicular joints. These procedures included a medializing calcaneal osteotomy (MCO) in 73%, lateral column lengthening (LCL) in 41%, and medial column stabilization (first TMT joint and/ or navicular-cuneiform joint arthrodesis) in 15%. Of the 12% of surgeons who chose to perform arthrodesis surgery, the majority elected to fuse the subtalar joint alone. The most common combination of surgical options, reported by 38% of surgeons, was an MCO combined with some form of PTT augmentation. The second most common combination was the so-called ''All-American'' approach of MCO, LCL and PTT augmentation.
Flexor digitorum longus transfer
Patients undergoing an FDL transfer should have symptomatic PTTD with no or mild flatfoot deformity (stage I or early II). Proponents of the FDL tendon transfer argue that although the PTT is 3.5 times stronger, the function of the transferred FDL is to oppose the peroneus brevis, which is only 1.5 times stronger [34, 53] . Mann et al. [34] [35] [36] popularized the use of the FDL tendon transfer to augment the PTT. They concluded that although this procedure did well to relieve pain and improve inversion strength, correction of the deformity was moderate [20, 23, 34, 36] . Guyton et al. [23] presented medium-term results of 26 patients treated with FDL tendon transfer with medialising calcaneal osteotomy for stage II PTTD. At a mean followup of 32 months, 91% of patients rated pain relief as good or excellent, and all but three could perform a single-leg heel rise, a manoeuvre none could perform preoperatively. Although improvement in all radiographic parameters was seen, 50% of patients felt their foot shape had not changed, and only one felt the improvement in arch height to be significant. Concerns over the lack of deformity correction with soft tissue procedures alone led many to favour additional bony realignment to protect the tendon transfer [23, 28, 54] . Myerson highlighted the importance of excising the diseased posterior tibial tendon or else pain will often remain [41, 42] . Mann [34] and others [20, 54] believed that leaving the degenerate portion of the tendon creates enough ongoing reaction that results in scarring and persistent synovitis around the tendon transfer. The degenerate PTT is released from its insertion into the navicular and cut proximally at the level of the medial malleolus, allowing it to retract proximally into the leg.
Medialising calcaneal osteotomy
The medialising calcaneal osteotomy (MCO) is useful in conjunction with an FDL tendon transfer in advanced stage I and stage II PTTD. MCO is indicated in patients in whom the valgus hindfoot deformity is passively correctable, and the pull of the Achilles tendon can be directed closer to the normal long axis of the calcaneus to the ground, in order to protect the medial tendon transfer [62] . This osteotomy is also effective in relieving subfibular impingement pain. In 2004, Myerson et al. [42] reported their results on 129 patients treated for PTTD with medial translational calcaneal osteotomy in conjunction with FDL tendon transfer. At a mean follow-up of 5.2 years, 91% of patients were satisfied, with statistically significant improvement in radiographic parameters measured at 6 months (97%) and at final follow-up (87%). One hundred and twenty-five out of 129 patients experienced pain relief, and 121 showed improvement in function. It has been hypothesized that the medialising calcaneal osteotomy corrects the flatfoot deformity by re-tensioning the plantar fascia, similar to the windlass mechanism. However, Horton et al. demonstrated in cadaveric models that the plantar fascia actually loosens after both MCO and LCL [28] .
Spring ligament reconstruction
Reconstruction of the spring ligament complex corrects the flatfoot deformity in cadaveric studies but has not been proven clinically [16, 60] . Mann [34] stated that plication of the spring ligament itself does not improve the results of an FDL transfer. Sitler and Bell [54] suggested that the degeneration of ligaments during the progression of the deformity in PTTD prevents them from holding a repair, and therefore, emphasized the need for reconstruction. Choi et al. [9] used a peroneus longus tendon graft to successfully reconstruct the superomedial and inferior calcaneonavicular ligaments of the spring ligament in cadavers. The authors believed that harvesting of the peroneus longus tendon would not contribute to the flatfoot deformity, because it is left attached to the first metatarsal and tenodesed to the navicular and calcaneus, thereby avoiding dorsiflexion of the first metatarsal. However, this method has not been tested clinically.
Tibialis anterior tendon procedures
Young's tenosuspension procedure was originally described in 1939 [63] . Classically, it involved re-routing the anterior tibial tendon (ATT) into a ''keyhole'' in the navicular bone [29, 63] . It is performed in combination with Achilles tendon lengthening or gastrocnemius recession and is usually an adjunct to a LCL, MCO or medial column stabilization procedures. A local modification of Young's procedure involves developing a plantar grove in the navicular and securing the mobilized ATT with a bone anchor and suturing the overlying periosteum. Supination and dorsiflexion may be required for successful placement of the tendon, and care must be taken to prevent tendon rupture or navicular fracture. The effect of re-routing the ATT to the plantar aspect of the navicular results in postoperative increased forefoot supination. Jacobs [29] commented that this settles in most patients, with time and appropriate orthotic support. However, there is no clinical study to demonstrate this, and evidence remains anecdotal. El-Tayeby [18] described plantar re-routing of the tibialis anterior tendon to treat 19 paediatric severe flexible flatfeet, in conjunction with an LCL, a navicular-cuneiform medial-plantar closing wedge arthrodesis, plication of the lengthened plantar ligament and Z-plasty of the tendoAchilles. Eighty-nine per cent of patients were satisfied with the pain relief, shoe wear improvement, foot shape and general activity. The use of the medial slip of the tibialis anterior tendon re-routed through the first cuneiform to the proximal stump of the PTT was described by Cobb and popularized by Helal [24] . Knupp and Hintermann [32] reported 22 patients with stage II PTTD and a supple supination deformity of the forefoot undergoing a Cobb procedure. Eleven patients also had a medial displacement calcaneal osteotomy, 3 had a lengthening osteotomy, 17 had repair of the deltoid, and 3 had the spring ligament repaired. At a mean follow-up of 24 months, the overall clinical results were excellent in nine patients (41.0%), good in twelve (54.5%), fair in one (4.5%), and poor in none. None of the patients had decreased power of the anterior tibial tendon compared to the contralateral foot. The authors concluded that their results were comparable to those reported for medial displacement calcaneal osteotomy with flexor tendon transfer. Parsons et al. [46] prospectively assessed patient function and satisfaction after a modified Cobb procedure combined with a translational calcaneal osteotomy in 32 patients with early flexible deformity who failed conservative treatment. The modified surgery involves a bone tunnel in the navicular rather than the medial cuneiform, and re-routing the ATT behind the medial malleolus. The average follow-up was 5.1 years, and the results showed 29 out of 32 patients could perform a single heel rise at 12 months, and the mean postoperative American Orthopaedic Foot and Ankle Score (AOFAS) was 89. These observations suggest that techniques involving rerouting of the anterior tibial tendon are comparable methods of treating early stage II PTTD.
Medial column bony procedures FDL tendon transfer combined with a medialising calcaneal osteotomy may not adequately correct the forefoot supination of the flatfoot deformity. In such cases, medial column stabilization procedures may be performed to plantarflex the medial ray [56] . The loss of the medial longitudinal arch may occur at the talonavicular, navicularcuneiform, first TMT joint or at more than one of these sites. Surgical stabilization for symptomatic medial column instability involves selective arthrodesis, including isolated fusion of the first TMT joint [59] , navicular-cuneiform joint [64] and more extensive midfoot fusions. The opening medial cuneiform osteotomy, or Cotton osteotomy [14] , has recently regained popularity in the management of residual forefoot supination following corrective hindfoot procedures for PTTD. The advantages of this osteotomy include preservation of metatarsal-cuneiform joint motion and a reliable union rate [56] . However, there are no studies to date demonstrating the long-term clinical outcome of patients undergoing this procedure, or directly comparing it with other medial column stabilization procedures. Contraindications to the Cotton osteotomy include gross metatarsal-cuneiform instability or arthritis.
Chi et al. [8] reviewed the results of medial column stabilization, lateral column lengthening and combined medial and lateral procedures in the treatment of PTTD. Four out of five feet with midfoot sag but no hindfoot valgus improved both on clinical and radiological assessment at 1-4-year follow-up after undergoing isolated medial column fusion with an FDL transfer and heel cord lengthening. Forty-eight feet with midfoot sag and associated hindfoot valgus had medial column stabilization combined with lateral column lengthening, FDL transfer and heel cord lengthening. Eighty-eight per cent of cases were pain free or had a decrease in pain at the latest followup. Toolan et al. [61] showed a similar rate of improvement in 41 feet undergoing medial column arthrodesis (first TMT and/or navicular-cuneiform joint) combined with LCL, FDL transfer and heel cord lengthening. However, they reported a high complication rate, mainly non-union at the calcaneocuboid joint and sural nerve injury during LCL. Despite this, these clinical studies demonstrate the usefulness of medial column fusions in the surgical management of stage II PTTD. It seems likely that passive correction of the hindfoot may be achieved when medial column stabilization procedures are combined with a medial soft tissue reconstruction. Additionally, Coetzee and Hansen [10] recommended medial column fusion for stage III PTTD if there is residual forefoot supination after a triple arthrodesis.
Lateral column bony procedures
The most common lateral column procedures are an Evans lateral column lengthening through the distal calcaneus [19, 39, 51] or a calcaneocuboid distraction arthrodesis (CCDA) [39, 58] . LCL is used in conjunction with medial soft tissue balancing and, if appropriate, gastrocnemius recession [11, 27, 59] . The aim of the LCL is to adduct the forefoot at the talonavicular joint and correct the peritalar subluxation. The Evans technique involves placement of a tri-cortical iliac crest or allograft into the distal calcaneal osteotomy made parallel and 10-15 mm proximal to the calcaneocuboid joint (CCJ). The graft is held in place by a screw or a low-profile plate [21, 51] . Lateral column lengthening adequately corrects forefoot abduction, but it does not reliably correct the medial deformity in the sagittal plane. A trapezoid-shaped graft in the osteotomy site creates forefoot adduction as well as plantarflexion, preventing excessive forefoot supination and symptomatic lateral column overload [43] . Evans [19] proposed that the windlass mechanism was responsible for the restoration of the medial longitudinal arch during LCL. This idea of a bowstringing effect within the plantar fascia, long plantar ligament and peroneus longus tendon is supported by other authors [38, 48] . However, Horton et al. [28] demonstrated the opposite effect with loss of tension in the plantar fascia after performing LCL. Morphological assessment of the talar head shows that its height is less than its width. As the lateral column is lengthened, the navicular is translated medially on the talar head. There is also plantar translation on the talar head, as this is the smaller radius of curvature and therefore the shortest distance [21] . This results in plantarflexion of the forefoot at the talonavicular joint and elevation of the medial longitudinal arch.
An anatomical study by Raines and Brage [49] confirmed the ideal site for an Evans osteotomy to be 10 mm proximal to the CCJ, between the anterior and middle facets of the subtalar joint. A more proximal osteotomy risks injury to the medial-plantar nerve, long flexor tendons and tibialis posterior tendon. The more distal osteotomies endangered the sural nerve and peroneal tendons, as well as risk breakthrough of pins into either the osteotomy site or CCJ [49, 51] . Most authors advocate the site of the Evans osteotomy to be 10-15 mm proximal to the joint [19, 48, 51] , while the length of distraction ranges from 8 to 14 mm [21, 27, 31, 39, 48] . The ideal size of distraction, and hence bone graft, depends on intra-operative clinical and fluoroscopic assessment of adequate talar head coverage and return of the medial longitudinal arch. A randomized study by Dolan and colleagues investigated the type of graft used to lengthen the lateral column. There was no difference found between allograft and autograft in the rate of non-union or graft collapse in 33 cases. The rate of non-union with lateral column lengthening through CCDA is higher than an Evans calcaneal lengthening [12, 39, 61] . Non-union rate is quoted as 1-5% with increased risk in smokers [6, 39, 43] . A criticism of LCL is that it does not correct the deforming force of the Achilles tendon resulting in continued hindfoot valgus. An additional medialising calcaneal osteotomy can correct hindfoot valgus and alter the direction of pull from the Achilles tendon from eversion to a neutral axis.
The development of calcaneocuboid arthritis has been an area of concern following lateral column lengthening with the theoretical risk of increasing joint pressures. However, the evidence for this is conflicting. Cooper et al. [13] stated that CCJ pressures increased eightfold after 10 mm lengthening of the lateral column, while Momberger et al. [37] showed no difference in pressures in cadaveric planovalgus models. The actual clinical risk of CCJ arthritis after LCL is also debated. Phillips [47] found 15 out of 23 feet had radiographic evidence of CCJ arthrosis at 13 years after an Evans procedure. Hintermann et al. [27] found only 2 out of 19 patients at an average follow-up of 23 months developed degenerative changes in the CCJ, with only one patient requiring arthrodesis.
In 2007, Bolt et al. [6] compared 25 LCL with 17 MCO. The initial correction of the tarsometatarsal angle was three times greater in the LCL group. Realignment of the medial column and medial longitudinal arch were also superior with LCL. The authors also demonstrated a greater subsequent loss of correction with MCO compared to LCL at final follow-up. Thomas et al. [58] compared an Evans LCL in 10 feet with CCDA in 17 feet. Both groups underwent PTT debridement, FDL tendon transfer and use of iliac crest graft. Both procedures produced significant improvement in radiological parameters and AOFAS scores, but no significant difference was seen between the two groups. However, the authors noted a high complication rate with both techniques, and the rate of non-union and delayed union with calcaneocuboid distraction arthrodesis remained a major problem.
In conclusion, LCL is probably best performed through the distal calcaneus rather than CCJ distraction arthrodesis. A concomitant medialising calcaneal osteotomy and/or medial soft tissue rebalancing is recommended. A trapezoid-shaped bone graft can be used in order to avoid excessive forefoot supination. The correction of forefoot abduction is greater with LCL than medial column procedures, but the rates of complications are higher. Correction of any gastrocnemius tightness is paramount.
Conclusion
Posterior tibial tendon dysfunction is the most common cause of adult acquired flatfoot deformity. The main deforming forces, tendo-Achilles and peroneus brevis, act to promote hindfoot eversion and attenuate structures that stabilize the medial column. More detailed classification systems have been developed in recent years to help clarify treatment recommendations. The commonest surgical management of stage II PTTD is medialising calcaneal osteotomy with FDL tendon transfer. Techniques to restore medial column stability in adult acquired flatfoot have evolved in the last two decades. In addition to arthrodesis procedures of the first ray, an opening wedge (Cotton) osteotomy of the medial cuneiform is now a popular alternative and preserves joint motion. The opening wedge osteotomy forces the medial column into slight plantarflexion, tightening the plantar fascia and adding stability to the first tarsometatarsal and navicular-cuneiform joints. Arthrodesis of these joints is warranted only when arthritis or instability is present.
Correcting forefoot abduction deformity has been pivotal to the development of medial and lateral column procedures. When the forefoot is abducted, there is increased uncovering of the talonavicular joint, and the lateral column becomes relatively short compared to the medial column. Lengthening of the calcaneocuboid joint with arthrodesis has a higher rate of complication, but lengthening of the anterior calcaneus with an osteotomy proximal to the joint avoids the risk of non-union inherent in a calcaneocuboid distraction arthrodesis. Furthermore, combination procedures are now more prevalent such as lengthening of the lateral column with simultaneous plantarflexion procedures of the medial column and/or medial soft tissue augmentation. The medial column procedures off-load the lateral column lengthening and prevent symptomatic overload of the lateral column. These combination procedures emphasize the need for careful rebalancing of medial and lateral deforming forces in the surgical correction of a flexible adult acquired flatfoot deformity.
